Cav1.4 channels are unique among the high voltage-activated Ca
2+ channel family because they completely lack Ca Recently, an inhibitory domain (ICDI: inhibitor of Ca 2+ -dependent inactivation) in the Cterminal tail of Cav1.4 has been discovered that eliminates Ca 2+ -dependent inactivation by binding to upstream regulatory motifs within the proximal C-terminus. The mechanism underlying the action of ICDI is unclear. It was proposed that ICDI competitively displaces the Ca 2+ sensor calmodulin. Alternatively, the ICDI domain and calmodulin may bind to different portions of the C-terminus and act independently of each other. In the present study, we use FRET experiments with genetically engineered CFP variants to address this issue. Our data indicate that calmodulin is preassociated with the C-terminus of Cav1.4 but may be tethered in a different steric orientation as compared to other Ca 2+ channels. We also find that calmodulin is important for Cav1.4 function because it increases current density and slows down voltage-dependent inactivation. Our data show that the ICDI domain selectively abolishes Ca 2+ -dependent inactivation while it does not interfere with other calmodulin effects.
Retinal photoreceptors and bipolar cells contain a highly specialized type of synapse designated ribbon synapses. Glutamate release in these synapses is controlled via graded and sustained changes in membrane potential that are maintained throughout the duration of a light stimulus (1, 2) . Over the last years, it became clear that Cav1.4 L-type Ca 2+ channels are the main channel subtype converting these analog input signals into corresponding permanent glutamate release (1, (3) (4) (5) . In support of this mechanism mutations in the Cav1.4 gene have been identified in patients suffering from congenital stationary night blindness type 2 (CSNB2) and X-linked cone rod dystrophy (CORDX3) (6) (7) (8) . Individuals displaying CSNB2 as well as mice deficient in Cav1.4 typically have abnormal electroretinograms that indicate a loss of neurotransmission from the rods to second order bipolar cells, which is attributable to a loss of Cav1.4 (3) .
Retinal Cav1.4 channels are set apart from other high voltage-activated (HVA) Ca 2+ channels by their total lack of Ca 2+ -dependent inactivation (CDI) and their very slow voltage-dependent inactivation (VDI). Recently, we and others discovered an inhibitory domain (ICDI: inhibitor of CDI) in the C-terminal tail of the Cav1.4 channel that eliminates Ca 2+ -dependent inactivation in this channel by binding to upstream regulatory motifs (9, 10) . Importantly, introducing the ICDI into the backbone of Cav1.2 or Cav1.3 almost completely abolishes CDI of these channels. Contrasting with clear-cut function, the underlying mechanism by which ICDI abolishes CDI remains controversial. It was suggested that ICDI displaces the Ca 2+ sensor calmodulin (CaM) from binding to the proximal C-terminus (10) suggesting that the binding sites of CaM and ICDI are largely overlapping or allosterically coupled to each other. Alternatively, our own data rather suggested that CaM and the ICDI domain bind to different portions of the proximal C-terminus (9) . We proposed that the interaction between the ICDI domain and the EF hand, a motif with a central role for transducing CDI (11) (12) (13) (14) (15) (16) , switches off CDI without impairing binding of CaM to the channel. In this study we designed experiments to differentiate between these two models. Here, using FRET in HEK293 cells we provide evidence that in living cells CaM is bound to the full length C-terminus of Cav1.4 (i.e. in the presence of ICDI). Furthermore, our data suggest that the steric orientation of the CaM/Cav channel complex differs between Cav1.2 and Cav1.4 channels. We show that CaM preassociation with Cav1.4 controls current density and also affects VDI. Thus, although CaM does not trigger CDI in Cav1.4 as it does in other HVA Ca 2+ channels, it is still an important regulator of this channel.
EXPERIMENTAL PROCEDURES

Constructs for electrophysiology-
For expression of murine Cav1.4 (17) (accession no. AJ579852), the bicistronic pIRES2-EGFP expression vector (Clontech, Mountain View, CA) was used. For the construction of truncated Cav1.4 channels lacking the ICDI (Cav1.4ΔICDI, previously termed C1884Stop (18)), a fragment of the wild-type Cav1.4 expression plasmid was replaced by DNA fragments that are carrying the required stop codon and a restriction site introduced by 3′ primers. In Cav1.4/5A channels CaM preassociation is disrupted by mutating I1592-F1596 of the IQ motif to alanines, respectively. The mutated sequence (IQDYF) contains isoleucine 1592, glutamine 1593 and two highly conserved aromatic anchors (YF1595/96) that in closely related Cav1.2 channels have been shown to form extensive contacts with CaM (19, 20) .
Electrophysiology-
HEK293 cells were transiently transfected with expression vectors encoding calcium channel α subunits together with equimolar amounts of vectors encoding β2a and α2δ1 as described in (17 Currents were recorded at room temperature 2-4 days after transfection by using whole-cell patch-clamp technique. Data were analyzed by using Origin 6.1 software (OriginLab, Northampton, MA).
The peak IV relationship was measured by applying 350 ms or 5 s voltage pulses to potentials between -80 and +70 mV in 10 mV increments from a holding potential of -80 mV at 0.2 Hz. To obtain current densities, the current amplitude at V max was normalized to cell membrane capacitance (C m ). For determination of half-maximum activation voltage (V 0.5 ) the chord conductance (G) was calculated from the current voltage curves by dividing the peak current amplitude by its driving force at that respective potential G = I/(V m -V rev ), where V rev is the extrapolated reversal potential, V m is the membrane potential, and I is the peak current. The chord conductance was then fitted with a Boltzmann equation G = G max /(1 + e (V0.5-Vm)/kact ), where G max is the maximum conductance, V 0.5 is the half-maximum activation voltage, V m is the membrane potential, and k act is the slope factor of the activation curve.
Cav1.4 channel inactivation was quantified by calculating the fraction of peak Ba 2+ and Ca 2+ currents remaining after 300 ms or 5000 ms of depolarization (R 300 or R 5000 ) as described (9) . R 300 is used to quantify CDI (fast process). R 5000 is used to quantify VDI, a process that is intrinsically very slow in Cav1.4. (24, 25) . In CFP227-CaM, CFP has been truncated after residue A227 and linked to CaM by a CGC linker (26) . We intentionally limited expression of CFPCaM and CFP227-CaM by mutating the Kozac sequence from GCC GCC ACC ATG to GCC TCC TTT ATG in a subset of control experiments to avoid spurious FRET (27, 28) . Cloning of CFPcp174 and CFPcp158 are described in (29) . Briefly, the N-and the C-terminus of CFP are fused by a GGTGGS linker and new N-and Ctermini were created as indicated in Fig. 1A . These permutations show similar spectral properties as the non-permutated fluorescent proteins (29) . A Ca 2+ -insensitive CaM mutant harboring aspartateto-alanine mutations in all four EF hands (CaM 1234 ) (30) was fused by an AAA linker to CFP or without a linker to CFPCp174. As negative control, CFP(A206K) and YFP(A206K) were used.
Constructs for FRET imaging-
For intramolecular FRET experiments, Cterminal fragments of Cav1.4 were N-terminally fused to YFP and C-terminally fused to CFP separated by a triple alanine linker. The fragments used for the respective fusion construct are as follows: YFP-CT1. FRET measurements-HEK293 cells were grown on coverslips (Ibidi treat, Ibidi, Martinsried, Germany) and transiently transfected using FuGene 6 (Roche Diagnostics, Mannheim, Germany). One to two days later, the cells were washed and maintained in buffer solution composed of 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM Glucose, 10 mM Na-HEPES pH 7,4 at room temperature. Cells were placed on an inverted epifluorescence microscope equipped with an oil immersion 60 x objective (UPlanSApo 60x OL/1.35, Olympus, Tokyo, Japan) and an build in dual-emission system (iMIC 2010 FRET module; Till Photonics). For simultaneous recording of CFP and YFP emission, a multiband FRET filterset (CFP/YFP-A-000, Semrock, NY, USA) was used consisting of a dual-band excitation filter (excitation bands: 416 ± 12.5 nm and 501 ± 9 nm), emission filter (emission bands: 464 ± 11.5 nm and 547 ± 15.5nm) and dichroic beam splitter (reflection bands: 405 ± 22 nm and 502 ± 9 nm; transmission bands: 466 ± 17 nm and 549.5 ± 19.5 nm). Samples were excited with light from a polychrome 5000 (Till Photonics; center wave length ± 7.5 nm). The illumination time was set to 10 ms. For the single channels (CFP, YFP), mean intensity values derived from a selective background region near the investigated cell was used for background correction. After this correction mean values for each cell were calculated from a ROI drawn around a cell of interest. Images were recorded by a CCD-camera (IMAGO-QE). The setup was controlled with the software TILLvisION (version 4.0) and a stand alone DSP controller. TILLvisION was also used for the image analysis. All imaging equipment was supplied by TILL Photonics (part of Agilent Technologies, Germany) unless noted otherwise.
Measurements of single-cell FRET based on aggregate (nonspatial) fluorescence recordings were performed using three-cube FRET as described previously (24, 27) . The notation and abbreviations used follow the definition of (24, 27) . The degree of FRET in an individual cell was quantified using the FRET-ratio (FR), which is defined as the fractional increase in YFP emission caused by FRET. The FR was calculated using Fluorescence measurements for the determination of S FRET , S CFP and S YFP were performed in cells coexpressing CFP-tagged and YFP-tagged peptides or intramolecular FRET constructs dually labelled by CFP and YFP using the following parameters: S CFP : excitation at 416 ± 7.5 nm and emission at 464 ± 11.5 nm (donor excitation; donor emission), S FRET : excitation at 416 ± 7.5 nm and emission at 547 ± 15.5 nm (donor excitation; acceptor emission) and S YFP : excitation at 501 ± 7.5 nm and emission at 547 ± 15.5 nm (acceptor excitation; acceptor emission). R D1 , R A1 and R D2 are experimentally predetermined constants from measurements applied to single cells expressing only CFP-or YFP-tagged molecules. These constants are used to correct for bleedthrough of CFP into the YFP channel (R D1 ), direct excitation of YFP by CFP excitation (R A1 ) and the small amount of CFP excitation at the YFP excitation wave-length (R D2 ) as described by (24, 27) .
Dynamic FRET-
Kinetic measurements were performed using the setup described above and a 20 x objective (UPlanSApo, N.A. 0.75, Olympus, Tokyo, Japan). Cells were maintained in buffer solution composed of 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM Glucose, 10 mM Na-HEPES pH 7,4 at room temperature. 10 s after the start of the recording, 5µM ionomycin was added. After 30 s, the cells were perfused with buffer solution containing 0 Ca 2+ , 5 µM ionomycin and 5 mM EGTA. The illumination time was set to 100 ms. For ratiometric analysis the ratio (R) of YFP and CFP fluorescence intensities was calculated as the following, R = S FRET /S CFP . The baseline ratio (R0) was calculated as an average of the first ten seconds before stimulation. The ratio change (ΔR/R) is ΔR/R = (R -R0)/R0 (26, 31) . For the single channels (CFP, YFP), mean intensity values derived from a selective background region near the investigated cell was used for background correction. After this correction mean values for each cell were calculated from a ROI drawn around a cell of interest. The ratio R was formed from the ratio of the background corrected single channels.
Co-IP in HEK293 Cells-
The complete Cterminus of Cav1.4 containing the 5A mutation within the IQ motif (CT1.4/5A see above) or Cterminal fragments of Cav1.4 [CT1.4R1610Stop (D1445-G1609); CT1.4R1610Stop/5A] were amplified by PCR and cloned into the pcDNA3 expression vector. All sequences were fused with a myc-tag at the N-terminus. CaM 1234 was constructed in the same manner by using a 5′ primer containing the triple flag sequence. For expression of recombinant proteins, HEK293 cells were transfected by using the calcium phosphate method. Immunoprecipitation was performed 3 days after transfection. A detailed protocol has been published previously (9) . Each Co-IP was repeated at least three times.
Statistics-
All values are given as mean ± SEM. n is the number of experiments. An unpaired t test was performed for the comparison between two groups. Significance was tested by ANOVA followed by Dunett test if multiple comparisons were made. Values of p < 0.05 were considered significant.
RESULTS
To test whether CaM is bound to Cav1.4 channels, we carried out FRET experiments in living cells using the full length C-terminus of Cav1.4 and CaM (Fig. 1A, B) . This approach has been successfully applied to other HVA Ca 2+ channels (24, 25) . We first fused wild type CFP and CaM by a flexible AAA-linker (CFP-CaM). This construct yielded significant FRET with YFP-CT1.2, while there was no FRET for YFP-CT1.4 (Fig. 1B) . A possible explanation for the lack of FRET could be that CaM does not bind to Cav1.4 as previously suggested (10). Alternatively, CaM may bind, but FRET could be prevented by structural constrains in the steric environment of the CaM binding region in Cav1.4. We addressed this problem using fusion proteins where CaM is attached to structurally modified CFPs (Fig. 1A,  B) . A fusion protein where the last 11 residues of CFP have been truncated (CFP227-CaM) showed strong FRET in CT1.2 and in CT1.4ΔICDI, a CT1.4 variant lacking the ICDI domain. Importantly, in the wild type Cav1.4 C-terminus, a very small FRET signal just below the threshold of significance was obtained. To further optimize the geometric orientation of the fluorophores, we fused CFP to CaM at different angles using circularly permutated CFPs (29,32-34) (CFPcp158-CaM and CFPcp174-CaM; Fig. 1A, B) . To this end the Cand the N-termini of wild type CFP were fused by a linker and new C-and N-termini were introduced at different positions. Using circularly permutated CFPs, CaM binding to CT1.2 and CT1.4ΔICDI could be detected (Fig. 1B) . Notably, coexpression of CFPcp174-CaM and YFP-CT1.4 resulted in a significant FRET. The specificity of this interaction was demonstrated by the lack of FRET in the negative control (Fig. 1B) . The FRET response for CFPcp174-CaM indicated that CaM binds to a target sequence in the C-terminus and that binding of CaM is not prevented in the presence of the ICDI. To test whether the interaction observed is independent of resting Ca 2+ levels and Ca 2+ -activation of CaM we next used CaM mutant (CaM 1234 ) that is deficient for Ca 2+ binding (30) . CaM 1234 serves as a surrogate for apocalmodulin (apoCaM) and is known to preassociate with the C-termini of other HVA Ca 2+ channels (24, 25) . Clear FRET could be observed between CFPcp174-CaM 1234 and YFP-CT1.4 similar to that observed for CFPcp174-CaM and YFP-CT1.4 (Fig. S1) . FRET between CaM and CT1.2 or CT1.4 could be significantly increased by raising the intracellular Ca 2+ concentration above resting limits ( Fig. 2A, B To study the functional effects that CaM exerts on Cav1.4, we generated a Cav1.4 mutant that is deficient for CaM binding (Cav1.4/5A; Fig.  3 ). In this mutant five amino acid residues within the IQ motif are replaced by alanines (CT1.4/5A and CT1.4R1610Stop/5A). Indeed, coimmunoprecipitation experiments confirmed that CaM 1234 binding to the mutated full length C-terminus (CT1.4/5A) or to CT1.4 that is truncated after the IQ (CT1.4R1610Stop/5A) was totally abolished. As a positive control, we used CT1.4R1610Stop that binds CaM (9) . We next compared the electrophysiological properties of wild type Cav1.4 channels with the properties of Cav1.4 channels deficient for CaM (Cav1.4/5A) in HEK293 cells (Fig. 3B-F) . Currents induced for wild type Cav1.4 channels consistently gave higher peak Ba 2+ -current densities (-4.91 ± 0.79 pA/pF; n=12;) than Cav1.4/5A channels (-2.37 ± 0.34 pA/pF; n=17; Fig. 3D ) indicating that CaM plays a substantial role in controlling the current density. Like wild type channels Cav1.4/5A channels did not display any CDI (R 5000 for I Ba : 0.53 ± 0.028 n=19; R 5000 for I Ca : 0.48 ± 0.05; n=8). Surprisingly, I Ba through Cav1.4/5A revealed faster voltage-dependent inactivation than I Ba through wild type Cav1.4 channel (test pulse: 5 s; Fig. 3E, F) . In contrast, V 0.5 was unchanged (Cav1.4/5A: -13.2 ± 0.90 mV; n=15; Cav1.4: -13.16 ± 1.27 mV; n=13).
Our functional data suggested that five residues within the IQ motif are critical for CaM binding. Furthermore, Cav1.4 channels deficient for CaM had different properties than wild type Cav1.4 indicating that CaM is a physiological regulator of Cav1.4 channels. Our FRET experiments showed that CaM binds to Cav1.4 in the presence of the ICDI which strongly suggests that the target sequence for CaM is different from that of the ICDI. To narrow down the target sequence of the ICDI domain, we applied a FRET approach (Fig. 4) . To this end we tagged the complete C-terminus of Cav1.4 N-terminally with YFP and C-terminally with CFP. This construct showed pronounced intramolecular FRET ( Fig.  4A ; FR: 6.60 ± 0.21; n=48) that is in the order of magnitude reported for YFP-CFP dimers (27) and is 5-times higher than the FRET signal observed for CaM binding (Fig. 1) . Deletion of the sequence downstream of the EF hand up to the end of the IQ motif only slightly reduced FRET (FR: 5.32 ± 0.09; n=38) indicating that this sequence stretch is not essential for the binding of the ICDI domain.
There are likely to be two main components contributing to intramolecular FRET (35) (36) (37) (38) . One is the specific binding of the ICDI domain to the proximal C-terminus. In addition, the specific folding of the peptide connecting the ICDI and the proximal C-terminus could bring Nand C-termini carrying the fluorophores in close vicinity to each other. This effect would be expected to increase the efficiency of the energy transfer between the fluorophores. In support of this latter possibility, an intramolecular FRET construct lacking the proximal C-terminus still showed reasonable FRET (FR: 3.03 ±0.12; n=26; Fig. 4A ). Previously, we excluded biochemically that this construct contains a binding site for the ICDI (9) . To circumvent FRET signals arising from intramolecular folding and to quantify the amount of FRET arising from actual binding, we separated YFP-tagged C-terminal fragments and CFP-tagged ICDI containing fragments and coexpressed them in HEK293 cells (Fig. 4B) (Fig. S2) . It slightly reduced FRET when CaM was coexpressed with YFP-CT1.4ΔICDI and ICDI-CFP (Fig. S2) . Truncation of the C-terminus downsteam of the IQ motif did not significantly change FRET when coexpressed with ICDI (Fig. 4B) . In contrast, coexpression of YFP-EF together with ICDI-CFP reduced FRET. This finding suggests that additional motifs within the proximal C-terminus other than the EF hand contribute to the binding of the ICDI domain.
We next set out to narrow down regions within the ICDI required for interaction with the proximal C-terminus (Fig. 5) . Extension of the ICDI domain did not lead to further increase of FRET binding to the EF hand indicating that the core region of the ICDI domain is sufficient for binding (Fig. 5A) . In contrast, dividing the ICDI domain into three parts significantly reduced the FRET signal as compared to CFP tagged fragments containing the complete ICDI (Fig. 5A) . This indicates that all three parts contribute to an interaction surface with the proximal C-terminus and that splitting the ICDI domain destroys its binding ability. Furthermore, FRET was not increased when the full C-terminus only lacking the ICDI domain was used as acceptor for the ICDI domain (Fig. 5B) .
To functionally test whether CaM and the ICDI domain interfere with each other, Cav1.4 channels were coexpressed with CaM and Ba 2+ and Ca 2+ currents were recorded. If so, it should be possible to displace the ICDI domain by CaM overexpression and reconstitute CDI. Fig. 6A , B show that there was no change in current kinetics and no development of CDI even with extreme high amounts of CaM regardless of the Ca 2+ buffering condition used. This finding strongly supports our FRET experiments arguing against a competitive mechanism.
DISCUSSION
Here, we provide evidence that the ICDI domain and CaM bind to different portions of the proximal C-terminus and act independently of each other (Fig. 6C right) . Using FRET experiments we found that the ICDI binds to the EF hand motif and downstream sequence of the proximal C-terminus. Given the central role of the EF hand within the framework of CDI (12-16) we suggest that it is mainly the interaction with the EF hand that effectively switches off all downstream signaling events required for CDI. In line with this hypothesis, intramolecular FRET experiments indicate that in the context of the complete Cterminus the EF hand may be the most important target of the ICDI domain. Furthermore, we provide evidence that different parts of the ICDI domain contribute to binding to the EF hand. Additional binding of the ICDI to a single or multiple binding sites described for apoCaM or Ca 2+ /CaM within the IQ and upstream of the IQ (39,40) could interfere with the translocation of preassociated CaM to the effector site(s). Currently, it is not known exactly how CaM binding to each of these individual regions contributes to CDI. Alternatively, binding of the ICDI could clamp CaM at the preassociation site in a fixed position that does not permit translocation to free effector sites and/or that does not permit conformational changes required for CDI. In all these settings, preassociated CaM would have much less degree of freedom to change conformation or move to effector sites in the presence of the ICDI domain (Cav1.4) than in its absence (Cav1.4ΔICDI or Cav1.2). Our finding that the detection of FRET between CaM and Cav1.4 depends on steric orientation would be in favour of slightly different structure of channelCaM complex as compared to Cav1.2.
Based on different FRET approaches, we show that CaM binds to the C-terminus of Cav1.4 and that binding of CaM is not prevented in the presence of the ICDI (Fig. 6C right) . The range of FRET ratios determined for CaM (1.4-2.3) are within the range reported for other HVA Ca 2+ channels with the same method (24, 27 (16, 24, 39, 40, 42) rather than an increase in actual binding of cytosolic CaM (24) . Our data indicate that this Ca 2+ -dependent conformational change only slightly, if at all, interferes with the binding of the ICDI domain. Considering that FRET was only slightly reduced (about 1%; Fig. S2 ) when CaM was coexpressed with YFP-CT1.4ΔICDI and ICDI-CFP and considering that baseline FR was very high (about 3.5; Fig. 4B ) it is very unlikely that this change is functional relevant. This hypothesis is strongly supported by the Cav1.4 current recordings in the presence of CaM overexpression (see below).
Functional experiments support our FRET results. Electrophysiological experiments suggest that the target sequence for CaM is different from that of the ICDI because overexpression of CaM did not induce CDI. Using the Cav1.4/5A mutant we found that five residues within the IQ motif are critical for CaM binding. Most importantly, we identified distinct Cav1.4 channel functions that clearly depend on CaM preassociation. Cav1.4 channels lacking CaM binding consistently yield lower current densities compared to wild type channels. These findings could be the result of an impaired trafficking to the plasma membrane. Although we cannot completely exclude a CaM independent mechanism it is very likely that CaM binding to the IQ domain masks an ER retention signal within this domain as proposed for Cav1.2 (43) . In Cav1.2 such a mechanism regulates trafficking to distal dendrites in hippocampal neurons (44) . Furthermore, our data clearly indicate that CaM plays a role in the regulation of VDI in Cav1.4. CDI is a hallmark of classical HVA Ca 2+ channels. In Cav1.4 CDI is switched off by the ICDI domain. Our data show that CaM is bound to Cav1.4 and serves as a functional regulator of the channel. Specifically, we found that CaM is an important regulator for channel trafficking and VDI. It is very likely that CaM preassociation also regulates other physiological functions of Cav1.4. For example, in Cav1.2, CaM preassociation at the IQ motif seems to be essential for signaling to the nucleus and triggering of gene transcription (45) . It is tempting to speculate that retinal network activity is regulated in a similar fashion by Cav1.4-dependent gene expression. by guest on July 15, 2017 
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